IRX-2 is an injectable cancer immunotherapy composed of cytokines purified from stimulated normaldonor peripheral blood mononuclear cells. In a phase 2a trial (n D 27), neoadjuvant IRX-2 significantly increased lymphocyte infiltration (LI) into resected head and neck tumors and was associated with changes in fibrosis and necrosis. Event-free survival was 65% at 2 years, and overall survival 65% at 5 years. Overall survival was longer for patients with LI greater versus lower than the median. This substudy of the mechanisms responsible for the increase in LI with neoadjuvant IRX-2 employed multiplex immunohistochemistry (IHC) and transcriptome analysis to interrogate matched pre-and posttreatment tumor specimens from 7 available phase 2a trial patients. Multiplex IHC showed substantial increases in CD68-expressing cells (5 patients), T-cell density (4 patients), and PDL1 mean fluorescent intensity (4 patients). Consistent with IRX-2 activation of multiple immune cells, transcriptome analysis showed mean increases in expression of genes associated with NK cells, B cells, CD4
Introduction
An essential role of the immune system is protecting the body against the proliferation of malignant cells. Immune modulation is increasingly seen as pivotal to the treatment of many cancers. Regulatory approval has been achieved for several new cancer immunotherapies, and many others are in the developmental pipeline. 1 In particular, the degree of immune infiltration and the ratio of effector T cells to regulatory T cells have been shown to be robust prognostic factors, regardless of therapy, in multivariate analyses in many different types of cancers. 2, 3 Cancers with high levels of immune infiltrate generally progress more slowly. Methodologies are now being validated for reproducible quantitation of immune infiltration. 4, 5 Several immunosuppression pathways are known to prevent T cells from effectively infiltrating malignancies and/or to suppress the function of infiltrating lymphocytes. 6 These pathways include (1) generation of dysfunctional antigen-presenting cells; (2) polarization of the immune system toward a Th2 response, a less effective pathway for immune rejection of cancer; (3) induction of immune regulatory cells such as regulatory T cells and myeloid-derived suppressor cells; (4) induction or secretion of immunosuppressive cytokines such as IL10 and transforming growth factor (TGF); and (5) induction of T-cell anergy or T-cell exhaustion. This spectrum of immunosuppressive pathways that may delay or prevent the host response to tumor cells, allowing tumor progression and ultimately killing the patient, represents a highly complex diagnostic and therapeutic challenge to the safe, effective, and appropriate implementation of targeted immunomodulatory cancer therapies. An added difficulty is that these immunosuppressive pathways may be induced by functional antitumor immune responses.
Agents that can enhance the antitumor immune response by modulating both positive and negative regulatory pathways are becoming increasingly important in oncology. [7] [8] [9] Checkpoint inhibitors that "remove the brakes" from effector T cell subsets can mediate significant clinical activity in a number of different cancers. Certain combination immunotherapies that incorporate multiple immune checkpoint inhibitors, or T-cell agonists, are showing even greater activity in clinical trials.
that have been stimulated with the mitogen phytohemagglutinin (PHA). IRX-2 has been shown in various in vitro models to increase the activation and enhance the function of antigen-presenting cells, 12, 13 while protecting T cells from activation-induced cell death, reducing the level of expression of the CTLA4 receptor, 14, 15 and preferentially stimulating effector T cells over regulatory T cells. 16 IRX-2 also increases the activation and promotes the cytolytic functions of natural killer (NK) cells, and when the regimen is combined with tumor-specific vaccines in preclinical animal models, antigen-specific T-cell response is increased. [17] [18] [19] In the clinic, IRX-2 is administered together with low-dose cyclophosphamide, indomethacin, and zinc in a multi-agent regimen to further restore and increase immune activation. In a completed phase 2a trial in patients with previously untreated head and neck squamous cell cancer (HNSCC), subcutaneous neoadjuvant administration of the IRX-2 biologic into the area of regional draining lymph nodes for 10 consecutive days prior to surgical cancer resection was found to be safe and was shown to induce increased lymphocytic infiltration into the tumors. 20 The increased lymphocytic infiltration was associated with improved clinical outcome -event-free survival of 65% at 2 years, 20 and overall survival of 65% at 5 years, better than rates for historical matched controls. 21 The several different methods that are currently available for characterizing the tumor microenvironment (TME) in vivo have different strengths and weaknesses but can be applied in combination to generate meaningful insight into how complex immune pathways may control antitumor immunity and how they may be effectively modulated by novel immunotherapies. To explore mechanisms potentially responsible for the increase in lymphocytic infiltration associated with the neoadjuvant IRX-2 regimen, we conducted a substudy using two powerful and complementary technologies -multiplex immunohistochemistry (IHC) and transcriptome analysis (NanoString Technologies, Seattle, WA, USA) -to interrogate matched pre-and post-treatment tumor specimens from 7 of the 27 phase 2a trial patients.
Results
Multiplex IHC analysis of matched pre-and post-resection tumor specimens
In the previously reported phase 2a trial (NCT00210470), we found that a 10-day neoadjuvant regimen of the IRX-2 biologic, injected locally into the tissues of the regional draining lymph nodes, together with a single systemic low dose of cyclophosphamide and 21 days of indomethacin and zinc, significantly increased lymphocytic infiltration into resected head and neck tumors, as assessed by three pathologists blinded to the identity of the stained samples and recorded on a 100-mm visual analogue scale (VAS). 21 Patients with VAS scores greater than the median for lymphocytic infiltration had improved overall survival compared to those below the median. Matched pre-and post-resection tumor specimens were obtained from 7 of the 27 patients treated in the phase 2a trial. For the remaining patients, insufficient and/or poor-quality material from one of the matched samples limited analysis of additional matched sample sets. Non-stained slides were sent to Perkin Elmer (PE, Shelton, CT, USA) for multiplex IHC analysis using antibodies against CD4, CD8, CD68, Foxp3, programmed death ligand 1 (PDL1), and cytokeratin. Table 1 shows pre-and post-treatment quantities of cells staining for CD4, CD8, CD3, and CD68 proteins, for each of the 7 patients, as well as PDL1 mean fluorescent intensity (MFI). The CD3 values were computed by combining the CD4 and CD8 values. Fig. 1 shows a representative multiplex IHC for a patient stained for all of these molecules. Five of the 7 patients had substantial increases in CD68-expressing cells, 4 had substantial increases in PDL1 MFI, and 4 had substantial increases in the overall density of T cells. Each of the patients with increases by multiplex IHC also had increases in the respective cell numbers according to the VAS scoring of the histological method (by means of single antigen or hematoxylin and eosin [H&E] staining) used in the phase 2a trial. Fig. 2 shows the changes from pre-to post-treatment in level of intensity of PDL1 expression (a component of H-score) for each of the 7 patients. Fig. 3 shows the overall changes from pre-to post-treatment in PDL1 MFI for each of the patients, with 4 of 7 patients showing increases in expression.
Transcriptome analysis of gene expression in matched pre-and post-resection tumor specimens A total of 770 genes were analyzed in each sample for levels of expression using the PanCancer Immune Profiling panel (NanoString). The key gene members of the different immune and immunosuppressive subset panels are shown in Table 2 .
22
The mean differences in gene expression from pre-treatment to post-treatment tumor specimens are depicted in the spider graphs in Fig. 4, Fig. 5 , and Fig. 6 , with the successive contour lines in the graphs representing 2 log differences. The transcriptome analysis showed mean increases in expression of genes associated with NK cells, B cells, CD4
C T cells, CD8 C T cells, and dendritic cells (most markedly, 2-to 3-fold increases for B cells and dendritic cells), but not of genes associated with neutrophils (Fig. 4) . Changes in gene expression were also assessed at a group level for functional pathways such as chemokines The CD3 values were computed to combine the CD4 and CD8 values because of the evident cross-reactivity between the CD4 and CD8 stains in some samples.
(CCLs, CCRs, and CXCRs), other intercellular signaling chemokines, interferon ligands, interferon receptors, and Th1 polarization genes. Mean increases in expression for chemokine pathway genes suggest that tumor lymphocytic infiltration may be driven in part by IRX-2-induced production of chemoattractants ( Fig. 5 ). Small mean increases were seen in the expression of immunosuppressive genes including IL6, IL10, and the checkpoint inhibitor receptor CTLA4 (Fig. 6 ).
Although the mean increase in CTLA4 expression was small, 5 patients had documented increases (data not shown).
Multiplex IHC and transcriptome analysis of individual patients
While increases in mean gene expression were seen overall for the substudy cohort of 7 patients, individual patients exhibited varying levels of response, with levels of immune activation greater than the mean in some cases but without any level of Transcriptome and IHC data suggest that there was no increase in infiltration of the regulatory T-cell subset into the tumors. Two of the 7 patients showed decreases in Foxp3 gene expression by transcriptome analysis. The decrease in average Foxp3 gene expression from 7.17 in pre-treatment biopsies to 7.03 in resected tumor samples (log 2 scale) was not significant (data not shown). Four of the 7 patients showed decreases in CD4 C Foxp3 C cells by multiplex IHC (data not shown).
Correlations between multiplex IHC and transcriptome analysis
In order to assess correlations among the VAS scoring of the histological method employed in the primary phase 2a trial and the two immunoprofiling technologies employed in this substudy to quantitate immune activation, we performed linear regression analyses using all the available samples evaluated in this analysis (n D 17, as there were 3 unmatched samples in addition to the 7 matched pre-and post-treatment pairs). For CD68 expression, a strong correlation was observed between the transcriptome analysis and multiplex IHC (r 2 D 0.609, Fig. 7 , Table 3 ). A comparison of the expression of the CD3D and CD3G genes, respectively, with CD3 histology density by multiplex IHC revealed correlation coefficients (r 2 values) of 0.049 and 0.324 (Table 3) . Correlation coefficients were 0.116 for CD4 RNA expression versus CD4 histology density by multiplex IHC; 0.432 for PDL1 (CD274) RNA expression versus PDL1 MFI; and 0.489 for PDL1 (CD274) RNA expression versus PDL1 H-score. We also demonstrated correlations between both the transcriptome and multiplex IHC technologies and the VAS scoring of the histological method used in the phase 2a trial; the correlation coefficient for CD3G RNA expression versus the mean VAS score for CD3 expression was 0.348 (Table 3) .
Discussion
We have previously reported that a short neoadjuvant course of the IRX-2 immunotherapy regimen was associated with an enhanced infiltration of leukocytes into the tumors of patients with HNSCC who were candidates for potentially curative resection. 20 The data from that phase 2a trial suggested that the lymphocyte infiltration was associated with radiologic reductions in tumor size and with improvement in overall CD3D  CD3D CD3D  BLNK  CCL17  KIR3DL1 PDL1  CD3E  CD3E  CD3E  CD19  CCL22  KIR3DL2 CTLA4  CD3G  CD3G CD3G  CD22  CD207  KIR3DL3 LAG3  CD5  CD4  CD5  CD79A CD209  KLRC1  HAVCR2  CD6  CD5  CD6  CR2  CD36  KLRC2  PDCD1  ITK  D6  CD8A  FCER2  CD68  KLRK1  PDCDILG2  LCK  CD8B  CD20  CD80  NCR1  BTLA  THy1  KLRC1 BLK  CD86  TNFSF11  KLRK1  MARCO  Zap70  FLT3  CD247 CLEC4A survival. 21 Those results have been extended in the current substudy, with employment of two additional immunoprofiling technologies -sequential fluorescent multiplex IHC and transcriptome analysis. The current findings suggest that not only does neoadjuvant IRX-2 treatment increase the infiltration of T cells, B cells, and DCs into the tumor, but that these cells are functionally active and stimulate an attempt by the immune system to suppress this response with upregulation of checkpoint molecules such as CTLA4 and PDL1. Further, there was no significant expansion of regulatory T cells with IRX-2 treatment, a finding consistent with in vitro experiments in which effector T cells were expanded preferentially versus regulatory T cells. 16 Many challenges are involved in achieving accurate assessment of changes in the TME after immunomodulatory treatment. Representative biopsies must be acquired prior to treatment for comparison with post-treatment biopsies or surgical resections. Further attention is required regarding the correlations among the specific technologies used to monitor immune changes. In the current substudy, we have shown an excellent correlation between the earlier histological method used to evaluate lymphocyte infiltration by single antigen or H&E staining and the newer technologies of multiplex IHC and transcriptome analysis of lymphocyte-specific genes. For example, CD3 expression measured by multiplex IHC analysis positively correlated with the RNA expression of both the CD3D and CD3G genes when analyzed using transcriptome technology. These correlations were even stronger when assessing the changes in CD68
C antigen presenting cells after treatment (Fig. 7) .
Our employment of these two newer technologies provided complementary information regarding the extent of post-treatment lymphocytic infiltration in the TME and the functional nature of the infiltrate. The transcriptome technology allowed for the analysis of 770 immune-and cancer-related genes and provided a read-out for the entire immune response. One of the most striking aspects of the IRX-2 treatment as compared to other investigational immune-oncology agents is that IRX-2 activates multiple immune cells to generate a coordinated response. [13] [14] [15] [16] [17] 23 As shown in Fig. 4 , IRX-2 treatment upregulated genes expressed by T cells and B cells as well as dendritic cells. As immunosuppression in cancer can take many forms, an agent that broadly restores and activates the function of multiple immune cells should have a broader function than therapies that address single defects such as PDL1 expression. Previous clinical studies with IRX-2 have shown that treatment-induced immune infiltration correlates strongly with positive clinical outcome. 23 In addition to the direct effects of driving lymphocyte and dendritic cell infiltration into the tumor, IRX-2 treatment also functionally alters the activation state of the immune infiltrate. As shown in Fig. 5 , IRX-2 treatment promotes expression of CCL, CCR, and CXCL chemokines. The increase in lymphocyte infiltration with IRX-2 may in good part be explained by the expression of these chemoattractants. Leading candidate chemokines for the IRX-2-driven recruitment of lymphocytes and DCs to the tumor include CXCL12, CCL2, CCL14, CCL19, and CCL21 (supplemental Fig. 8 ). CCL19 and CCL21 have been clearly shown to mediate migration of T cells and DCs. 24, 25 Our detailed analysis of the immune activation in each tumor (presented in supplemental Figures 1 through 7) shows that not all patients have the same level of response to IRX-2. That outcome is not unexpected given that the TME is complex and varies from tumor to tumor and patient to patient. That said, however, this small analysis did reveal functional immune activation in the majority of patients -a finding that qualifies IRX-2 as a useful and important clinical treatment option.
The clinical success of checkpoint inhibitors -as evidenced by the US Food and Drug Administration approval of ipilimumab, pembrolizumab, nivolumab, and atezolizumab for the treatment of melanoma and other cancers -has prompted attempts to extend this indication more broadly in oncology. Early findings, however, suggest that many tumors and patients are resistant to monotherapy with checkpoint blockade. As the limitations of checkpoint inhibitors are exposed, there is a strong interest in finding agents that can modify the TME and thus increase the response rate to checkpoint inhibitor therapy. Sustained expression of the inhibitory receptor programmed cell death 1 (PD-1) characterizes exhausted T cells, and therapies that block the PD-1 pathway have shown clinical activity in a wide variety of cancer types, particularly those characterized by an "inflamed" microenvironment with lymphocytic infiltration and expression of PDL1. [26] [27] [28] [29] [30] We have shown that IRX-2 promotes changes in the TME -including upregulation of PDL1 expression in the majority of patients tested. It is likely that the observed increases in the expression of PDL1 and other checkpoint molecules are compensatory, a consequence of an attempt on the part of the tumor to modulate the IRX-2-mediated immune response directed at that tumor. Interferons secreted by activated T cells upon tumor antigen recognition trigger tumor cells to upregulate PDL1 expression. 31 Thus the increased expression of interferon pathway members seen in the transcriptome analysis (Fig. 5 ) may well be responsible for increases in PDL1 expression following IRX-2 treatment. In an in vitro model simulating the human TME, direct incubation of T cells with IRX-2 promoted the expansion of effector T cells without inducing the expansion of CTLA4-expressing regulatory T cells. 16 Compensatory upregulation of PDL1 may be effectively countered by complementary follow-on combination therapy with checkpoint inhibitors. Increased lymphocyte infiltration into the tumor such as that promoted by IRX-2 has been shown to be an important predictor of checkpoint inhibitor responsiveness. Another important aspect of IRX-2 treatment is the lack of toxicity associated with the treatments. 32 Thus the combination of IRX-2 treatment with checkpoint inhibitors should not add to overall toxicity in the way that has been a drawback with other combination therapies, as evidenced by the high rate of serious adverse events seen with anti-PD-1 and anti-CTLA4 combinations, for example. 33 Neoadjuvant IRX-2 immunotherapy is being studied further in an international multicenter randomized controlled trial in 100 patients with resectable HNSCC (NCT02609386) -with clinical endpoints including event-free survival as well as coexploratory analyses utilizing multiplex IHC, transcriptome analysis, and T cell receptor immunosequencing. The goal of these exploratory studies is to better understand the IRX-2 mechanism of action, quantify the changes in the TME, and define a pretreatment prognostic phenotype that predicts for responsiveness to the IRX-2 immunotherapy regimen. The ability to prescreen patients and identify those that might have the best response to treatment could greatly enhance the clinical development timeline in future studies.
In summary, IRX-2 treatment is a modulator of the TME. The treatment is currently being tested as a stand-alone agent to restore and activate the immune system to recognize and attack tumors. The clinical response data from the ongoing international multicenter randomized controlled trial should be available in 2019, but some biologic data will be available earlier. IRX-2 is also currently being assessed as a neoadjuvant therapy in surgically operable breast cancer (NCT02950259) and as therapy for cervical and vulvar intraepithelial neoplasia (NCT03267680). Our data based on the employment of the multiplex IHC and transcriptome gene expression technologies show that activation of multiple immune cell types by IRX-2 drives intratumoral immune infiltration and stimulates adaptive increases in PDL1 expression. Based on these findings, we suggest that IRX-2 is an ideal candidate for combination with other immunomodulatory agents such as checkpoint inhibitors. Future studies will focus on the enhancement of activity that may derive from combining IRX-2 treatment with various checkpoint inhibitors and other immunomodulators.
Materials and methods

Phase 2a clinical trial
Patients with surgically resectable, potentially curable, but previously untreated HNSCC were consecutively screened at 16 academic research centers to participate in a multicenter phase 2a clinical study of IRX-2 (NCT00210470). Institutional review boards at the 16 participating centers individually approved the study. Eligible patients were aged 18 to 80 years, had a Karnofsky performance status 70%, and had stage II to IVa histologically proven SCC of the oral cavity, oropharynx, hypopharynx, or larynx. Twelve centers enrolled a total of 27 patients, all of whom gave informed consent. The experimental protocol was approved by the Institutional Review Board for Human Experimentation at each participating center, and the prospective study was conducted according to the principles of the Declaration of Helsinki. Details of the methods and clinical results of the study have been published. 20 The IRX-2 cytokine biologic used in this study was produced from healthy blood donors' leukocytes obtained from FDA-licensed blood centers. Purified mononuclear cells were prepared and stimulated with phytohemagglutinin to induce cytokine production. Adherence to Good Manufacturing Practice ensured consistency, safety from bloodborne pathogens, and compliance with FDA guidelines under an approved Investigational New Drug Application. Each biologic lot was tested for adherence to FDA-approved specifications for content of IL-2, IL-1b, g-IFN, TNF-a; for protein; for sterility; and for the absence of various viruses and endotoxins. 20 Prior to initiation of the treatment regimens, tumor biopsy samples were collected from all patients. Patients then received a non-cytotoxic dose of cyclophosphamide 3 days before initiating 10 days of peri-lymphatic IRX-2 therapy. Patients also received 21 days of indomethacin and zinc supplements prior to surgical resection. Surgical resection was performed on day 21 of the trial. All 27 subjects were treated with the IRX-2 regimen. Matched biopsy/resection samples from 7 patients were processed for multiplex immunohistochemistry (IHC) and transcriptome analysis
Tumor samples
Sites submitted one paraffin-embedded biopsy block and one representative tumor-resection block, chosen by the site pathologist according to standardized tissue-block selection guidelines, for each consented and enrolled subject. Blocks were shipped to PhenoPath Laboratories (Seattle, WA), where sections were cut from the paraffin blocks to perform hematoxylin and eosin (H&E) and IHC staining. In order to minimize siteto-site variations in tissue handling, guidelines were provided for fixing and processing the tissues. The time between tissue collection and placement in formalin was minimized. Each tissue sample was trimmed to a 4-mm thickness and fitted into the cassette with at least a 1-mm space on all sides. Cassettes were filled with 10% neutral buffered formalin to fix the tissue samples. The volume of fixative solution was 15 to 20 times greater than the volume of the tissue. If release and shipping of tissue blocks were not possible, sites were instructed to prepare unstained slides by cutting 4-mm sections onto charged glass slides (Fisherbrand Superfrost Plus, Catalogue #12-550-15 or equivalent, Thermo Fisher Scientific, Waltham, MA, USA). Slides were air dried and not baked. Sites provided 10 unstained sections per block.
Multiplex IHC
HNSCC specimens were labeled for CD4 (CD4 C T cells), CD8 (CD8 C T cells), CD20 (B cells), CD68 (macrophages), CD45 (total leukocytes), PDL1, Foxp3 (regulatory T cells), cytokeratin, and DAPI (all nuclei) using a serial same-species fluorescence-labeling approach that employs tyramide signal amplification and microwave-based antigen retrieval and antibody stripping (Opal Multiplex IHC, Perkin Elmer). Samples were imaged on a multispectral slide analysis system (Vectra Polaris Automated Quantitative Analysis System, Perkin Elmer) and analyzed with pattern-recognition software (inForm, Perkin Elmer) in order to segment tissue into tumor and stroma and to phenotype cells. All results were generated using de-identified clinical samples. Quantification of each immune population was defined in both relative (population as percent of total leukocytes) and spatial (cells per mm 2 ) dimensions. PDL1 expression was quantified in several ways: percent of PDL1 C macrophages; total MFI; and H-score. Values for total CD3 C cells were computed by combining the values for CD4 C and CD8 C cells. Values reported in this study represent the total analyzed area for each biopsy or resection sample.
Transcriptome profiling
For each tumor biopsy and resection, one formalin-fixed paraffin-embedded (FFPE) tissue slide was stained with H&E and reviewed by a pathologist to delineate the tumor area. The mean tumor cell content was 60% (minimum 30%). MicroRNA (miRNA) or total RNA was isolated from the tumor area of 5-mm slices using the High Pure microRNA FFPE Isolation Kit (Roche, Basel, Switzerland) or High Pure FFPE RNA Micro Kit (Roche) according to the manufacturer protocols. Tissue sections were first de-paraffinized with xylene and washed with ethanol. The tissues were then lysed and treated with proteinase K for 3 hours at 55 C. Lysates were applied onto spin columns and after a washing step, miRNA was eluted in 50 mL elution buffer. Total RNA was eluted twice in 40 mL elution buffer. Afterward, the RNA was purified and concentrated using the RNA Clean & Concentrator-5 Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's protocol. RNA yield was measured by NanoDrop 2000 (Implen GmbH, Munich, Germany) or Qubit RNA BR Assay Kit (Thermo Fisher Scientific) on the Qubit 3.0 Fluorometer (Thermo Fisher Scientific). RNA quality was determined on a Lab-on-a-Chip 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). As RNA from FFPE material is generally of low quality (RNA Integrity Number [RIN] values <2), we did not exclude any sample solely based on RIN values.
Whole tumor transcriptome profiles were generated from matched biopsy and resection samples using the PanCancer Immune Profiling Panel (NanoString). This panel characterizes expression of 770 genes, including 109 that define 24 different immune cell types and populations, 30 encoding known cancer/ testis antigens, >500 encoding critical proteins in immune response pathways, and 40 pan-cancer housekeeping genes. Expression data were normalized and analyzed with the nSolver Analysis Software 2.5 using the PanCancer Immune Profiling Advanced Analysis Module (NanoString). For background correction, the mean count of negative controls plus twice the standard deviation was subtracted from the count for each gene. The geNorm algorithm was used to identify the most stable housekeeping genes. 34 The geometric mean of the selected housekeeping genes was used to calculate a normalization factor for each sample.
Immuno-informatics analyses
Data generated from multiplex IHC, transcriptome, and pathology analyses were integrated, analyzed, and visualized using the open-source Biomarkers, Outcomes and Stats Software (BOSS) package (PPMC, Portland, OR, USA). This software incorporates interactive charting tools developed by Google (Mountain View, CA, USA) and HighSoft (Vik i Sogn, Norway). The direct correlation between parameters across analytical platforms was evaluated by linear regression. Gene signature values represent a weighted composite average of a subset of genes specific to each immune pathway or cell subset.
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